Knowledge on how to maintain and expand nephron progenitor cells (NPC) in vitro is important to provide a potentially valuable source for kidney replacement therapies. In our present study, we examined the possibility of optimizing NPC maintenance in the "re-aggregate" system. We found that Six2-expressing (Six2 + )-NPC could be maintained in aggregates reconstituted with dispersed cells from E12.5 mouse embryonic kidneys for at least up to 21 days in culture. The maintenance of Six2 + -NPC required the presence of ureteric bud cells. The number of Six2 + -NPC increased by more than 20-fold at day 21, but plateaued after day 14. In an attempt to further sustain NPC proliferation by passage subculture, we found that the new (P1) aggregates reconstituted from the original (P0) aggregates failed to maintain NPC. However, based on the similarity between P1 aggregates and aggregates derived from E15.5 embryonic kidneys, we suspected that the differentiated NPC in P1 aggregates may interfere with NPC maintenance. In support of this notion, we found that preventing NPC differentiation by DAPT, a γ-secretase inhibitor that inhibits Notch signaling pathway, was effective to maintain and expand Six2 + -NPC in P1 aggregates by up to 65-fold. The Six2 + -NPC in P1 aggregates retained their potential to epithelialize upon exposure to Wnt signal. In conclusion, we demonstrated in our present study that the "re-aggregation" system can be useful for in vitro maintenance of NPC when combined with γ-secretase inhibitor.
Introduction
The development of mammalian kidney mainly involves three types of cells, i.e., metanephric mesenchyme (MM), ureteric bud (UB) and stromal mesenchyme (SM) [1] . UB is first induced by MM to extend from the nephric duct and undergoes elaborate branching morphogenesis to give rise to the collecting duct system [2] . In turn, MM is induced by UB to form the remaining nephron structures [3, 4] . The SM cells also play important roles in UB branching morphogenesis [5] , MM differentiation [6, 7] and the formation of vasculature in the kidney [8, 9] . MM contains multi-potent self-renewing nephron progenitor cells (NPC), which condenses around the UB tips to form the so called cap mesenchyme [10] [11] [12] . The NPC express unique combinations of transcription factors, such as Hox11 paralogs, Osr1, Pax2, Eya1, WT1, Sall1, and Six2, where Six2 and Sall1 were shown to be essential for their progenitor status [10] [11] [12] [13] [14] . Upon induction from UB, NPC undergoes mesenchymal-to-epithelial transformation (MET) while migrating from UB tips to sequentially form pre-tubular renal aggregates, renal vesicles, comma-and S-shaped bodies, which further elongate to form the different segments of the nephron. It is generally considered that UB induces NPC differentiation through the secretion of Wnt9b, which activates Wnt4 and Fgf8 in MM cells [15] . SM cells have also been found to cooperate with Wnt9b and promote NPC differentiation through Fat4 which modulates β-catenin signal via the Hippo-YAP pathway [7] .
The balance between self-renewal and differentiation of NPC is important in determining the final nephron number, which can have significant health consequences [10] [11] [12] . However, our understanding on the mechanism that maintains the proliferation and the progenitor status of NPC remains limited. Available evidence indicates that receptors, such as Fgfr1 and 2, and ligands, such as Fgf9 and 20 [16, 17] and BMP7 [18] , all contribute to the maintenance of NPC. Paradoxically, the Wnt9b secreted from UB cells has also been found to contribute to the maintenance of NPC [19] . The UB tips, together with the SM in the periphery, form the in vivo niche where NPC are maintained [20] . Further revelations on the mechanisms whereby the progenitor status of NPC is maintained will help not only to advance our knowledge of kidney development and how nephron numbers are determined, but may also enable the design of an in vitro niche to allow the expansion of NPC and provide an autologous source for kidney replacement therapies.
Our current studies are aimed at testing the possibility of using the "re-aggregate" system to maintain and expand NPC over a prolonged period of time in in vitro culture. The re-aggregation of dispersed embryonic kidney cells has been widely used as a valuable tool for studies on kidney development and organogenesis [21] [22] [23] [24] [25] . Dissociating embryonic kidney cells into single cell suspensions and re-aggregating them by centrifugation and culture in vitro led to the formation of preliminary nephron structures with UB branching and MM differentiation [21] [22] [23] [24] [25] . Our rationale is that the recapitulation of the in vivo UB tip niche in the re-aggregates may allow for the maintenance of NPC cultured in vitro, as well as for the exploration of the underlying mechanism. We show that NPC could be maintained and expanded for up to 21 days in our re-aggregate system. We found that the developmental stage of MM cells affects the maintenance of NPC in aggregates. When MM cell differentiation was prevented by inhibiting Notch signaling pathway with γ-secretase inhibitor, N-S-phenyl-glycine-t-butyl ester (DAPT), we were able to perform passage subculture of the aggregates and expand NPC up to 65-fold.
Materials and Methods Mice
All mice were obtained from Jackson Laboratory (Bar Harbor, Main). Four lines of mouse, Six2 TGC/+ [4] , Six2 GCE/+ [4] , Hoxb7 myr-Venus/+ [26] and Foxd1 GCE/+ [27] , were maintained with C57BL/6J background and used in our present studies. Mice and embryos were genotyped using the universal PCR genotyping protocols with primers as following: (forward) ACGACGGCAACTACAAGACC/(reverse)TGTAGTTGTACTCCAGCTTGTGC. The morning of the discovery of a vaginal plug was considered as E0.5.
kidneys were dissected free-hand using fine needles under a dissecting microscope (Olympus, Center Valley, PA) in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) (Invitrogen, Grand Island, NY), and incubated in collagenase (Sigma, St. Louis, MO) at 37°C for 10 min. When indicated, the mesenchyme region was surgically separated from UB with fine needles. To make dispersed cells, the embryonic kidney rudiments were cut into small pieces with scissors and placed in 0.25% Trypsin/EDTA (Invitrogen) in phosphate-buffered saline (PBS; Sigma) at 37°C for 5 min. After adding ice-cold DMEM with 10% FBS, cells were dissociated by trituration and filtered through 70μm cell strainer (BD Bioscience, San Jose, CA). Gentle pipetting was repeated to ensure the suspension of single cells. To re-aggregate the dispersed single cells, a total of 2 x 10 4 cells were placed into 96 well ultra-low attachment round bottom dish (Corning, Tewksbury, MA), centrifuged at 650g for 2 min and cultured overnight.
Cell culture
The re-aggregated pellets were carefully collected and placed on top of a 0.4 μm isopore polycarbonate filter (Millipore, Billerica, MA), and cultured at 37°C and 5% CO 2 in keratinocyte serum-free medium (KSFM; Invitrogen) containing 10% FBS (Invitrogen), 10 μM Y27632, a ROCK inhibitor, (Abcam Biochemicals, Cambridge, MA) and 110 μM 2-mercaptoethanol (ME; Invitrogen). Chemicals and growth factors, such as dimethyl sulfoxide (DMSO; Sigma), 1 μg/ml Heparin (Sigma), 200 ng/ml Fgf9 (ProSpec, East Brunswick, NJ) and 50 ng/ml Bmp7 (PeproTech, Rocky Hill, NJ), as well as various inhibitors, such as Notch inhibitor, 5μM DAPT (Cellagen, San Diego, CA), GSK3β inhibitor, 500 nM BIO (Stemgent, Cambridge, MA), Wnt inhibitor, 500 nM IWP2 (Stemgent), JNK inhibitor, 10 μM SP600125 (Tocris Bioscience, Minneapolis, MN) and Bmp inhibitor, 2.5 μM Dorsomorphin (Sigma), were added as indicated.
Immunocytochemistry and confocal microscope
The aggregates were fixed with 4% Paraformaldehyde (PFA; Sigma) in PBS for 15 min. at room temperature. After washing with PBS containing 0.05% Tween-20 (PBS-T, BioRad, Hercules, CA), aggregates were treated with ice cold 100% MeOH for 10 min. at -20°C, and washed 3 times with PBS-T before blocking with 0.1% TritonX-100 (Sigma), 1% BSA (Sigma) and 10% Donkey serum (Calbiochem, La Jolla, CA) in PBS for 1 hour at room temperature. The primary antibody was applied and cultured overnight at 4°C. The aggregates were then washed 6 times for 30 min with PBS-T, and incubated with the secondary antibody for 1 hour at room temperature. After being washed 6 times for 30 min with PBS-T at room temperature, the aggregates were then mounted for microscopy with Prolong Gold anti-fade reagent (Invitrogen). Where indicated, the nuclei were stained with DRAQ5 (Cell Signaling, Danvers, MA), diluted (1:1000) in PBS-T, for 20 min. at room temperature before final PBS-T washing. The antibodies used were rabbit anti-Six2 (11562-AP 
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Results
NPC maintained in re-aggregate system
We tested the feasibility of maintaining NPC in in vitro culture over an extended period of time using the "re-aggregate" system. As shown in Fig 1Aa , when aggregates were reconstituted with dispersed cells derived from whole E11.5 mouse embryonic kidneys and cultured in vitro for 7 days, we were able to detect abundant Six2-expressing (Six2 + )-NPC surrounding the UB structures. However, when aggregates were reconstituted without UB cells by manually separating Venus + -UB from the surrounding Venus --mesenchyme in E11.5 Hoxb7-Venus mouse embryonic kidneys, no Six2 + -NPC could be detected after 7 days in culture ( Fig 1A) . Thus, the maintenance of Six2 + -NPC in the "re-aggregate" system requires the presence of UB cells.
Since the combination of Fgf9 and Bmp7 was suggested to be the niche signal capable of maintaining NPC for up to 5 days [17] , we tested the effect of adding Fgf9, Bmp7 and heparin to the aggregates without UB cells. As shown in Fig 1Ac, although the addition of these factors was effective to maintain a few Six2 + -NPC after 7 days in culture as compared to the untreated UBfree samples, the abundance of Six2 + -NPC was clearly less than that in the untreated aggregates containing UB cells. The mRNA expression levels of NPC markers, including Six2, Cited1 and Eya1, were also significantly higher in the aggregates that contained UB cells than those without UB cells, with or without treatment with Fgf9/Bmp7/heparin (Fig 1B) .
We found that aggregates re-constituted from E11.5 and E12.5 embryonic kidneys showed similar characteristics in terms of Six2 + -NPC maintenance and UB branching morphogenesis (Fig 2A) . However, when aggregates were re-constituted from embryonic kidneys at later developmental stages, from E13.5 up to E 15.5, we found that Six2 + -NPC were not maintained as well and UB failed to reorganize into orderly branching structures (Fig 2A) . We therefore used E12.5 embryonic kidneys for the rest of our experiments. With aggregates reconstituted from E12.5 embryonic kidneys after 7 days in culture, we evaluated cell proliferation pattern by using 5-ethynyl-2'-deoxyuridine (EdU) staining [28, 29] . We detected Six2 + /EdU + cells in MM areas that were both close to and distant from the UB structure (Fig 2B) . In contrast, DBA + /EdU + cells were detected mostly in UB tips surrounded by Six2 + -NPC cells ( Fig 2B) . We also found the presence of renal vesicle-like structures that expressed Lef1 (Fig 2B) , as well as epithelial structures that expressed LTL, a proximal tubular cell marker (Fig 2B) , and podocalyxin, a podocyte marker (Fig 2B) . These results thus indicate that the re-aggregation system allows not only the proliferation and maintenance, but also the differentiation, of NPC. In contrast to Six2 + -NPC, we found that the populations of UB and SM cells decreased over time in the aggregates. For these experiments, we used Hoxb7-Venus [26] and Foxd1-GFP [27] mice for UB and SM cell markers, respectively. As shown in Table 1 , while the percentage of Six2 + -NPC out of the total cells remained unchanged at day 7, Hoxb7-Venus + UB cells decreased by half, and Foxd1-GFP + SM cells disappeared completely after 7 days in culture.
We further extended the culture period for up to 21 days, a time period when all NPC would have otherwise diminished in vivo [30] . We noticed that, while the size of the aggregates increased with time, the morphology of the aggregates changed from more flattened by day 7 to more three-dimensional after day 14 ( Fig 3A) . As shown in Fig 3A, we detected further expansion of Six2 + -NPC in the aggregates after 21 days in culture. The extent to which Six2 + -NPC proliferated over this period of time paralleled to that of the total cells in the aggregates and reached a plateau after day 14 ( Fig 3B) . The reason for the cell numbers to reach plateau after day 14 appears to be mainly due to a decrease in cell proliferation without changes in cell apoptosis (S1 Fig). qRT-PCR analyses for NPC markers showed a significant increase in Cited1 mRNA expression levels at days 14 and 21 as compared to the original E12.5 embryonic kidneys at day 0, while the mRNA expression levels of Six2 and Eya1 remained unchanged over this period of time (Fig 3C) . These results show that the "re-aggregate" system can overcome the in vivo limitations and maintain NPC for at least up to 21 days in vitro.
Passages and developmental stage affect the maintenance of NPC
Since the number of Six2 + -NPC plateaued after 14 days in culture, we tested the possibility to further expand these cells by passage subculture. We first cultured E12.5 aggregates (P0) for 7 days and then dissociated them into single cells to reconstitute new aggregates (P1) at an equal cell number as P0 aggregates. As shown in Fig 4Aa and e, we found that the size of the resultant P1 aggregates after subculture for 7 days was smaller than P0 aggregates at day 7. Although we could still detect some Six2 + -NPC in P1 aggregates, their abundance in P1 aggregates was markedly less than that in the P0 aggregates (Fig 4A) . We also noticed that, unlike the more organized branching structures seen in P0 aggregates (Fig 4A) , the UB cells in P1 aggregates formed randomly scattered structures (Fig 4A) . The renal vesicle like structures that expressed renal vesicle marker, Lef1, was detected in E12.5 aggregates (P0) at day 7 (Fig 4B) , while the epithelial structures that expressed proximal tubule marker, LTL, or podocyte marker, podocalyxin, were detected in both P0 and P1 aggregates at day 7 ( Fig 4B) . The reason why P1 aggregates could not maintain Six2 + -NPC as well as P0 aggregates is not immediately clear. However, we noticed that these P1 aggregates bear close resemblance to aggregates reconstituted from embryonic kidneys at later developmental stage, i.e., E14.5 and 15.5 (Fig 2A) , where Six2 + -NPC were not well maintained and UB cells failed to form organized branching structures. We therefore reasoned that a potential difference between P0 and P1 aggregates could be the more advanced developmental stage of the cell components in P1 aggregates that may interfere with the maintenance of NPC.
Developmental stage of non-UB populations affects the maintenance of NPC
In view of the requirement of UB cells for the maintenance of NPC, and the fact that UB cells in both P1 and E15.5 aggregates failed to form organized branching structures, we tested the possibility that the more developmentally advanced UB cells in E15.5 aggregates could have affected the maintenance of NPC. We first separated UB (Venus + ) and non-UB (Venus -) cells from both E12.5 and E15.5 Hoxb7-Venus embryonic kidneys by fluorescence activated cell sorting (FACS), and then combined UB population (3,000 cells) with non-UB population (20,000 cells) from either E12.5 or E15.5 embryonic kidneys to reconstitute aggregates that resulted in four different combinations as shown in Fig 5. We found that, irrespective of the developmental stage of non-UB populations, all aggregates consisting of E15.5 UB cells developed randomly scattered UB structures (Fig 5B and 5C ), while aggregates consisting of E12.5 UB cells developed more organized branching structures (Fig 5A and 5D) . On the other hand, we also found that, irrespective of the developmental stage of UB cells, and therefore irrespective of UB branching structures, abundant Six2 + -NPC were maintained only in those aggregates consisted of E12.5 non-UB cells (Fig 5E and 5F ). In parallel to these results from E15.5 embryonic kidneys, we found that combinations of UB and non-UB cells from either P0 or P1 aggregates at day 0 gave similar results, i.e., Six2 + -NPC were maintained only with P0 non-UB cells independent of the passage of UB cells ( Fig  5M and 5N) , while the formation of more organized branching UB structures were observed with P0 UB cells independent of the passage of non-UB cells (Fig 5I and 5L) . These results indicate that the formation of organized UB branching structures is dependent on the developmental stage of UB cells, while the maintenance of Six2 + -NPC is dependent on the developmental stage of the non-UB cell populations. 
Differentiated MM cells interfere with NPC maintenance
To further explore the reason why Six2 + -NPC were not maintained in aggregates containing E15.5 non-UB cells, we analyzed and compared the expression profiles of non-UB cell marker genes between E12.5 and E15.5 embryonic kidneys. As shown in Fig 6A, we found that E15.5 embryonic kidneys showed significantly lower expression levels of NPC markers, such as Six2 and Eya1, as compared to E12.5 embryonic kidneys, although the expression of another NPC marker Cited1 was significantly elevated (Fig 6A) . The expression of differentiated MM cell markers, such as Podxl1, Nkcc2, Slc5a1 and Slc12a3, were also significantly increased in E15.5 non-UB cells (Fig 6B) . Nevertheless, the expression of SM cell markers, such as Foxd1 and Slug, was significantly decreased in E15.5 non-UB cells (Fig 6A) . Similarly, we found a significant increase in the differentiated MM cell markers, including Poxdl1, Nkcc2, Slc5a1 and Slc12a3, and a significant decrease in SM cell marker Foxd1, in the E12.5 aggregates after in vitro culture for 7 days, as compared to E12.5 embryonic kidneys at day 0 (Fig 6C and 6D) . The decrease in Foxd1 expression level is consistent with the disappearance of Foxd1-GFP + cells in E12.5 aggregates after 7 days in culture (Table 1) . These results raised the possibility that the inability to maintain NPC in aggregates containing either E15.5 or P1 non-UB cells could be due to the decrease of SM cells or the presence of differentiated MM cells. In view of the recently proposed role of SM cells as promoting MM cell differentiation [6, 7] , it seems unlikely that the decrease in SM cells in E15.5 or P1 aggregates could be accountable for the inability to maintain NPC in these aggregates. Nevertheless, we tested this possibility by making aggregates without Foxd1 + SM cells with FACS sorted GFP -populations from E12.5
Foxd1-GFP mouse embryonic kidneys. As shown in Fig 7A, we found no difference in the abundance of Six2 + -NPC between aggregates with or without Foxd1 + SM cells after 7 days in culture. The expression of NPC markers, Six2, Cited1 and Eya1, also was not different between the two groups ( Fig 7B) . These results negate the possibility that a reduced Foxd1 + SM cell population in E15.5 or P1 aggregates could have caused their inability to maintain Six2 + -NPC. Expression of differentiated MM markers in E15.5 embryonic kidneys and E12.5 aggregates after 7 days in culture. qRT-PCR results show that, as compared to E12.5 embryonic kidneys, E15.5 embryonic kidneys had a significant decrease in the expression of NPC marker genes (Six2, Eya1 and Gdnf) and a significant increase in the expression of differentiated MM cell marker genes (Podxl1, Nkcc2, Slc5a1 and Slc12a3) (A, B). A similar increase in the expression of these differentiated MM cell marker genes was also found with E12.5 aggregates after 7 days in culture (C, D). There was also a significant decrease in the expression of SM cell marker gene (Foxd1) in both E15.5 embryonic kidneys and E12.5 aggregates after 7 days in culture. Data were normalized by Gapdh expression levels and presented as fold changes from:(A) E12.5 embryonic kidneys, (B) E15.5 embryonic kidneys, (C) E12.5 aggregates at day 0, (D) E12.5 aggregatesafter 7 days in culture. (n = 3, * p<0.05, ** p < 0.01) doi:10.1371/journal.pone.0129242.g006
Since we found in E15.5 embryonic kidneys a significantly lower expression level of NPC markers and a significantly higher expression level of differentiation markers as compared to E12.5 embryonic kidneys (Fig 6A and 6B) , we first tested the possibility that the presence of differentiated MM cells in E15.5 aggregates could have affected the maintenance of NPC. For this purpose, we used Six2-GCE mice (see S2 Fig) (Fig 8G and 8H) , while those aggregates consisted of E12.5 Six2-GFP -cells developed more organized branching structures (Fig 8E and   8F ). On the other hand, we found that, irrespective of the developmental stage of Six2-GFP + cells, more abundant Six2 + -NPC were maintained in those aggregates consisted of E12.5
Six2-GFP -cells than aggregates consisted of E15.5 Six2-GFP -cells (Fig 8A and 8B) . Having ruled out UB and SM cell components in our above mentioned experiments, these results led us to suspect that the differentiated MM cells, which were contained in the E15.5 Six2-GFP -fraction, may interfere with NPC maintenance. To verify this possibility, we tested the effects of inhibitors on different signaling pathways known to be involved in MM differentiation. The inhibitors we tested include: IWP2, a Wnt signaling pathway inhibitor [31] ; BIO, a GSK3β inhibitor [32] ; SP600125, a JNK inhibitor [33] ; Dorsormorphin, a Bmp signaling pathway inhibitor [34] ; and N-S-phenyl-glycine-t-butyl ester (DAPT), a γ-secretase inhibitor that inhibits the Notch signaling pathway [35] . We first verified the effects of these inhibitors on the expression of differentiated MM cell markers in E12.5 embryonic kidneys under conventional organ culture for 7 days. As shown in Fig 9A, we found that, as compared to DMSO treated control samples, only DAPT was effective in reducing most of the differentiated MM cell markers, such as Podxl1 for podocytes and Nkcc2, Slc5a1 for proximal tubular cells. The distal tubular cell marker, Slc12a3, remained unchanged. These results reflect the known role of the Notch signaling pathway in directing MM cell differentiation towards podocyte and proximal tubules [35] . In parallel, we reconstituted aggregates with cells dispersed from these organ-cultured embryonic kidneys and examined the maintenance of Six2 + -NPC in these aggregates after another 7 days of culture in the absence of respective inhibitors. As shown in Fig  9B, we were able to detect Six2 + -NPC only in the aggregates prepared from DAPT-treated embryonic kidneys. Taken together, these results suggest that the inability of E15.5 aggregates to maintain NPC may in part be due to the direct and/or indirect interference from differentiated MM cells.
DAPT treatment enhances NPC maintenance
Extrapolating the above findings from E12.5 embryonic kidneys, we tested the effect of DAPT treatment in P0 aggregates. As shown in Fig 10A, treatment of E12.5 aggregates with DAPT for 7 days up-regulated NPC markers, including Six2 and Eya1, and down-regulated podocyte and proximal tubule markers, such as Podxl1 and Nkcc2, Slc5a1, respectively. The distal tubule marker, Slc12a3, remained unchanged. Similar to E12.5 embryonic kidney organ culture results, we found abundant Six2 + -NPC in DAPT-treated P0 aggregates, which was associated with a decrease in the epithelial structures with the expression of Laminin, a nephron epithelial cell marker, as well as LTL, a proximal tubular cell marker and podocalyxin, a podocyte marker, while the Lef + -renal vesicle like structures remained less affected ( Fig 10B) . As shown in Table 1 , the percentage of Six2 + -NPC out of the total cell population increased by 2-fold as compared to the DMSO-treated control group. The proportion of Hoxb7 + UB cells also increased by 2-fold, and the Foxd1 + SM cells remained undetectable.
Based on these results, we further tested the possibility of DAPT treatment to maintain NPC in P1 aggregates. We first cultured E12.5 P0 aggregates with or without DAPT for 7 days, and then dissociated cells from these aggregates to reconstitute P1 aggregates and continued culture for another 7 days with or without DAPT. As shown in Fig 10C, DAPT treatment during P0 culture alone maintained more Six2 + -NPC in the subsequently reconstituted P1 aggregates after being cultured for another 7 days with DMSO (Fig 10C) , than the P1 aggregates derived from DMSO-treated P0 aggregates and continued culture for 7 days with DMSO ( Fig  10C) . When we continued DAPT-treatment with P1 aggregates derived from DAPT-treated P0 aggregates, we detected an even greater expansion of Six2 + -NPC ( Fig 10C) . As shown in Fig   10D , the continued DAPT treatment throughout P0 and P1 periods allowed the continued expansion of Six2 + -NPC after passage, resulting in an increase in the number of Six2 + -NPC up to 65 times greater than that in the original E12.5 embryonic kidneys at day 0. This also represents an increase by 3-fold as compared to the E12.5 aggregates at day 21 without passage. To confirm that the Six2 + -NPC maintained in P1 aggregates preserved their potential to respond to the induction by Wnt signal, we tested the effect of GSK3β inhibitor, BIO, on aggregates reconstituted with Six2 + -NPC from P1 aggregates. For these studies, we used E12.5 aggregates with dispersed cells from Six2-TGC mouse (see S2 Fig) embryonic kidneys. After DAPT treatment during both P0 and P1 periods, the Six2-EGFP + cells in the final P1 aggregates were FACS sorted to reconstitute new aggregates for further culture with either DMSO or BIO for another 7 days. As shown in Fig 10E, BIO treatment induced epithelial structures with the expression of E-cadherin, an epithelial cell marker, in these reconstituted aggregates. These results support the preserved potential of Six2 + -NPC in DAPT-treated P1 aggregates to respond to Wnt signal and transform to epithelial cells.
Discussion
In our present study, we demonstrated that the "re-aggregate" system can be used to maintain and expand NPC in in vitro culture over prolonged period of time. We found that aggregate formation is essential, because NPC could not be maintained when we simply mixed the dispersed cells from whole E12.5 embryonic kidneys and cultured them in 2D culture plates (data not shown). We also found that the maintenance of NPC in this system required the presence of UB cells (Fig 1A) . It is therefore likely that this "re-aggregate" system provides a 3D platform + -NPC number increased by 20-fold in aggregates without passage after 21 days in culture as compared to that in the E12.5 embryonic kidneys at day 0. This was further increased to 35-and 65-fold by passage with DAPT treatment during P0 period alone and during both P0 and P1 periods, respectively. (n = 3, ** p < 0.01 vs. day 0 and day 21). (E) Aggregates from Six2-TGC mouse E12.5 embryonic kidneys were treated with DAPT during both P0 and P1 periods, and the Six2-GFP + cells from these P1 aggregates were collected by FACS sorting and used to reconstitute aggregates for another 24 hour incubation with either DMSO or BIO. After being cultured for another 5 days without treatment, these aggregates were immuno-stained for epithelial cell marker, E-cadherin (green). Results from two representative aggregates show that treatment with BIO (b, b'), but not DMSO (a), induced E-cadherin expression, indicating that Six2 + NPC from these P1 aggregates retained their potential to respond to Wnt signal to become epithelial cells. that enables UB cells to form niche structures and release niche signals to keep NPC within proximity and promote their proliferation. Recent studies have unraveled many candidates of the UB-derived niche signals, which include Fgfs (2 and 9) [16, 17] , BMP7 [18] and Wnt9b [19] . Fgfs were shown to promote the survival of NPC through Fgf receptors, Fgfr 1 and 2 [16, 17] , and BMP7 was shown to promote the proliferation and maintaining the self-renewal of NPC [18] . Indeed, the combination of Fgf9 and Bmp7 has been proposed to be the UB niche signals capable of maintaining NPC for up to 5 days in in vitro culture [17] . However, in our studies, we found that the combination of Fgf9 and Bmp7 alone was not as effective as UB cells (Fig 1A) . This could conceivably be due to the fact that these factors, when added to the culture medium, may not permeate far enough to reach the inner part of the aggregates. It is also possible that there are additional UB cell-derived niche signals that work together with Fgf9 and Bmp7 to maintain NPC at the niche. In this regard, Wnt9b expressed in the developing UB was proposed to be capable of regulating the balance between differentiation and maintenance of NPC through its effect to induce different target genes in NPC in a Six2-dependent manner [19] . Further studies will be required to evaluate the role of Wnt9b/β-catenin signaling in the maintenance of NPC in "re-aggregate" system.
With this "re-aggregate" system, we found that we were able to maintain NPC for at least up to 21 days. The number of Six2 + -NPC gradually increased to reach almost 20-fold by 21 days, but the increase appeared to have plateaued after 14 days (Fig 3C) . We found that this was mainly due to a decrease in cell proliferation without changes in cell apoptosis (S1 Fig) . Nevertheless, we found that the majority of Six2 + cells at day 21 were also positive for EdU. This would indicate that the Six2 + NPC remained at day21 were capable of self-renewal with continuing proliferation while maintaining their Six2 + status. In an attempt to sustain the proliferation of NPC before it reached to a plateau, we tried passage subculture by making dispersed cells from the original P0 aggregates at day 7 and reconstituting them into new P1 aggregates. However, we found that these P1 aggregates did not grow well and did not maintain Six2 + -NPC as well as P0 aggregates (Fig 4) . These features with P1 aggregates were also found in aggregates made from E15.5 embryonic kidney cells (Fig 2) , leading us to suspect that the more advanced developmental stage of cell populations in P1 aggregates may be accountable for their differences from P0 aggregates. The expression of differentiated MM marker genes in both E15.5 embryonic kidneys and P0 aggregates at day 7 (Fig 6) further supported this notion. To delineate which of the three cell components in the aggregates, i.e., UB cells, SM cells and MM cells, could have contributed to the changes found in E15.5 and P1 aggregates, we reconstituted different combinations of aggregates using respective UB and non-UB populations from either E12.5 and E15.5 embryonic kidneys or P0 and P1 aggregates (Fig 5) . Results from these experiments showed that the maintenance of Six2 + -NPC depended mainly on the developmental stage of the non-UB cells; while the ability of the UB cells to form organized branching structures depended mainly on the developmental stage of UB cells. Although the reason why UB cells in both E15.5 and P1 aggregates could not form organized branching structures awaits further investigation, the fact that these UB cells were able to maintain Six2 + -NPC would indicate that the scattered UB structures in E15.5 and P1 aggregates were sufficient to function as UB niches. Another feature that we found common in both E15.5 embryonic kidneys and P0 aggregates after 7 days in culture was a dramatic decrease in Foxd1 + SM cells (Table 1 and Fig 6) . Although we did not observe an increase in Slug expression (Fig 6) , we cannot rule out the possibility that the decrease in Foxd1 + cells could be due to their further differentiation along the SM cell lineage and lost the expression of Foxd1. Nevertheless, the decrease in Foxd1 + SM cells seems unlikely to be the cause of the inability of E15.5 and P1 aggregates to maintain NPC, because Foxd1 + SM cells have recently been found to rather promote NPC differentiation [6, 7] , and indeed Foxd1 null mutants are known to be associated with an expansion of cap mesenchymal cells [7, 36] . Consistent with this notion, our results show no significant difference between aggregates with and without Foxd1 + SM cells, although we did not detect an obvious expansion of Six2 + -NPC in our aggregates without Foxd1 + SM cells after 7 days in culture.
In support of the possibility that the differentiated MM cells in E15.5 and P1 aggregates may interfere with NPC maintenance, we found that we were able to sustain Six2 + -NPC proliferation in P1 aggregates by inhibiting the Notch signaling pathway. The Notch family, Notch1-4, are transmembrane receptors that mediate short-range communication between cells [37] . Upon binding of ligands, Jag1 and Dll1, expressed on adjacent cells, the intracellular domain of Notch protein is released through γ-secretase-mediated proteolysis and translocate to the nucleus to regulate target gene transcription [38] . Notch signaling molecules, particularly Notch 1 and Notch 2, are expressed throughout kidney development [38] and Notch 2 is known to play an important role in nephron formation, including the differentiation of MM cells towards proximal tubule and podocyte [39] . It is also interesting to note that, besides its role in determining cell fate, the Notch signaling pathway may affect NPC self-renewal through the suppression of Six2 expression [40] . Consistent with these reports, we found that DAPT treatment prevented differentiation of NPC and allowed their continuing expansion with passage in P1 aggregates. This enabled a harvest of 65 times more Six2 + -NPC than the starting material, and an additional three times more than aggregates without passage. These Six2 + -NPC from DAPT treated P1 aggregates maintained their potential to respond to the induction by the Wnt signal. While we have confirmed the effect of DAPT to inhibit Notch signaling pathway by the downregulation of Notch down-stream Hairy genes, Hes1, Hesr1 and Hesr3 (S3 Fig), we cannot exclude the possibility that the Notch-independent γ-secretase inhibition effect of DAPT may have also contributed to the effect of DAPT.
Conclusions
We describe in our current study an in vitro culture system which allows maintenance and expansion of NPC by using the "re-aggregation" system in combination with UB cells and DAPT treatment. This "re-aggregation" system may prove useful not only as a tool for studies on kidney development, but also as an autologous source of kidney replacement therapies.
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